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Abstract
Designs are described for models to calculate the heat transfer and flow losses in porous debris in the
lower head of a reactor vessel. The COUPLE model in SCDAP/RELAP5 represents both the porous and
nonporous debris that results from core material slumping into the lower head. Previously, the COUPLE
model had the capability to model convective and radiative heat transfer from the surfaces of nonporous
debris in a detailed manner and to model only in a simplistic manner the heat transfer from porous debris.
In order to advance beyond the simplistic modeling for porous debris, designs were developed for detailed
calculations of heat transfer and flow losses in porous debris. Correlations were identified for calculating
convective heat transfer in porous debris for the following modes of heat transfer; (1) forced convection to
liquid, (2) forced convection to gas, (3) nucleate boiling, (4) transition boiling, (5) film boiling, and (6)
transition from film boiling to convection to vapor. Interphase heat transfer is modeled in an approximate
manner.  Correlations were identified for calculating the flow losses and interphase drag of fluid flowing
through the interstices of the porous debris.  These calculations for flow loss and interphase drag were
integrated into the momentum equations in the RELAP5 part of the code. Since the models for heat
transfer and flow losses in porous debris in the lower head were designed for general application, a design
is also described for implementation of these models into the analysis of porous debris in the core region.
An assessment was performed of the capability of the implemented models to calculate the heat transfer
and flow losses in porous debris. The assessment showed that SCDAP/RELAP5 is capable of calculating
the heat transfer and flow losses occurring in porous debris regions that may develop in a LWR during a
severe accident.
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11.  Introduction
A bed of porous debris may accrete in the lower head of a reactor vessel during a severe accident. If
the porous debris is deep and covered with water, then a calculation needs to be made to determine
whether the debris bed will locally dry out and heat up in spite of being covered with water. If the debris
bed is hot and dry, then the reflood of the debris bed results in a quenching process that needs to be
modeled to calculate the transient cooling of the debris bed.
The SCDAP/RELAP51 nodalization for analysis of a porous debris bed cooled with water is shown
in Figure 1-1. The hydrodynamic phenomenon in the debris bed are calculated by the field equations of
RELAP5 and the heatup of the debris is calculated by the COUPLE model in SCDAP/RELAP5. RELAP5
calculates variables such as the velocity and temperature of the fluid in the interstices of the porous debris.
The temperatures in the debris and structure wall are determined by the COUPLE model. The RELAP5
model and COUPLE model are connected through the boundary condition of convective heat transfer.
Figure 1-2 is a schematic diagram showing the modeling of the debris in the lower head. There are two sets
of nodalization that overlap each other, one for the RELAP5 calculation, the other for the COUPLE model.
All debris particles within a COUPLE node have the same temperature and all COUPLE nodes within a
RELAP5 control volume have the same fluid conditions at the surface of the debris particles represented
by that node. A COUPLE node represents all the debris particles from its center to the mid-planes between
it and the surrounding nodes.
The COUPLE model in SCDAP/RELAP5 is intended to calculate the heatup of the lower head and
the debris that it supports. Previously, the COUPLE model had the capability to model convective and
radiative heat transfer from the surfaces of nonporous debris in a detailed manner and to model only in a
simplistic manner the heat transfer from porous debris to the fluid in the interstices of the porous debris. If
water was present anywhere in porous debris, the entire porous debris bed was assumed to be quenched
and all of the debris bed heat generation was transferred to boiling of water, which resulted in a reduction
of the amount of water inside the porous debris. After all of the water had boiled off, then the debris bed
was assumed to be cooled only at its outer boundaries. In order to advance beyond these simplifications in
modeling, designs were developed for a detailed calculation of the heat transfer and flow losses in porous
debris. This report describes these designs and their implementation into SCDAP/RELAP5.
This report is organized as follows. Section 2 describes the COUPLE model and Section 3
summarizes the governing equations used in the RELAP5 code. Section 4 describes the interfacing of
RELAP5 and COUPLE. This section identifies the variables calculated by COUPLE that are applied by
RELAP5 and the variables calculated by RELAP5 that are applied by COUPLE. Section 5 identifies the
correlations and models for convective heat transfer that were implemented into the COUPLE model.
These correlations have been previously compiled and subjected to peer review.2,3 Section 6 describes the
basic features for implementation of the models for convective heat transfer. Models for flow losses and
interphase heat transfer are described in Section 7 and the implementation of these models is described in
Section 8. The implementation of the models developed for analysis of porous debris in the lower head
resulted in a straightforward application of these models to the analysis of porous debris in the core region.
This application is described in Section 9. Section 10 presents results of the assessment of the implemented
models. A summary of the extensions in modeling is given in Section 11. The references are listed in
Section 12.
2Figure 1-1 Example of RELAP5 and COUPLE nodalization for analysis of porous debris bed cooled by
water.
3Figure 1-2 Schematic of RELAP5 and COUPLE nodalization of fluid and debris in lower head of reactor
vessel.
42.  Two-dimensional Debris and Surrounding Structures Model
A model based upon the COUPLE4 code is used to calculate the heatup of reactor core material that
slumps to the lower head of the reactor vessel and is subsequently represented as debris. This model takes
into account the decay heat and initial internal energy of slumped debris and then calculates the transport
by conduction of this heat in the radial and axial directions to the wall structures and water surrounding the
debris. An important use of this model is the calculation of the heatup of the lower head of the reactor
vessel in response to contact with material from the core region slumping into it. This calculated heatup is
used by models in SCDAP/RELAP5 that evaluate the structural integrity of the lower head. Notable
capabilities of the COUPLE model include the modeling of the following phenomena and conditions: (a)
spatially varying porosity, (b) thermal conductivity of porous material, (c) a debris bed whose height
grows sporadically with time, (d) radiation heat transfer in a porous material, and (e) natural circulation of
melted debris. The limitations of this model are: (a) molten material does not flow into an adjacent porous
region, (b) oxidation does not occur in the debris bed, and (c) fission product release does not occur in the
debris bed.
2.1 COUPLE Description
The COUPLE model performs a two-dimensional, finite element based calculation of steady-state
and transient heat conduction. The model was developed to solve both plane and axisymmetric type heat
transfer problems with anisotropic thermal properties, subject to boundary conditions of the first kind,
second kind, and third kind (combination of the first and second), and/or nonlinear boundary conditions
such as radiation. A boundary condition of the first kind implies that the temperatures are prescribed along
the boundary surface. A boundary condition of the second kind implies that the normal derivatives of the
temperatures are prescribed at the boundary surface. The model solves the following two-dimensional
energy equation:
(2-1)
where
UD = density of debris particles (kg/m3),
cD = heat capacity of debris particles ,
ke = effective thermal conductivity ,
Q = volumetric heat generation rate (W/m3),
T = temperature of mixture of debris and interstitial fluid (K),
H = porosity (pore volume/total volume).
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5The boundary conditions for equation (2-1) are defined by the code user. Boundary conditions are
defined for the bottom and top surfaces, and left and right surfaces of the region being represented by the
COUPLE model. The boundary conditions at these surfaces can be either adiabatic surface or convection
and radiative heat transfer to fluid represented by the RELAP5 code.
2.2 Variable Element Porosity
The COUPLE model allows each element in the debris bed model to have the porosity resulting from
the conditions in that element. The porosity of each element can vary with time. The thermal property of
each element is determined by
) = HIf + (1 - H) Is (2-2)
where
) = average thermal property value, such as thermal conductivity or specific heat,
I = thermal property,
f = fluid,
s = solid.
If the porosity is zero, the element represents a volume containing solid debris material, whereas a
porosity value of 1.0 means the element is completely filled with fluid. A value between 0.0 and 1.0
indicates that the volume contains both fluid and debris material.
2.3 Thermal Conductivity Model
The heat transfer in a dry porous bed involves both conduction and radiation. The overall thermal
conductivity of the bed can be represented as
ke = kec + kr (2-3)
where
ke = effective conductivity ,
kec = effective conductivity (conduction only) ,
kr = radiative conductivity .
A number of thermal conductivity models have been proposed for modeling a dry porous bed.
Reference 5 gives a good review and comparison of five such models. The Imura-Takegoshi6 model for
thermal conductivity combined with the Vortmeyer7 radiation model yields a good overall result and
produces an upper bound on the temperature.
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6The Imura-Takegoshi model6 in equation form is given as follows:
(2-4)
(2-5)
(2-6)
(2-7)
where
kg = thermal conductivity of fluid or vapor in pores ,
ks = thermal conductivity of solid material ,
H = porosity of debris.
The Vortmeyer model7 is given as
kr = 4KVdpT
3 (2-8)
where
K = radiation exchange factor (user-defined value, with default value of 0.8),
V = Stefan-Boltzmann constant  (5.668 x 10-8),
dp = particle diameter (m),
T = temperature (K).
The combined Imura-Takegoshi and Vortmeyer model is programmed in the CNDUCT subroutine
of COUPLE.
A lower bound model is available in the literature which combines a conduction model by Wilhite8
with a radiation model by Luikov.9 This lower bound model has not been applied by the COUPLE model.
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72.4 Phase Change Model
At the present time, there are two generally accepted ways of numerically approximating a phase
change problem. One method uses a moving mesh technique. At this time, the moving mesh technique has
been mainly applied to one-dimensional problems. This technique is not easily applied to two-dimensional
problems because mesh distortion may result.
The other method uses a fixed mesh and is usually referred to as an enthalpy method. The particular
method that has been chosen is described in Reference 5. The method consists of using the material
enthalpy to determine an effective density times specific heat (UCp) value to use in Equation (2-1). The
enthalpy change per unit volume is defined as
dH = UCpdT (2-9)
thus,
(2-10)
which can be written as
(2-11)
where X is the coordinate boundary of a phase change (m).
For computational purposes, it is easier to calculate  and  than it is  directly. The
necessary coding required to use this approach is contained in the subroutine USERP.
2.5 Heat Transfer at Surface of COUPLE Finite-Element Mesh
There are two types of boundary conditions that may be applied at the surface of the COUPLE finite
element mesh. The first type makes use of a connection to a hydrodynamic volume, thereby allowing heat
transfer to and from a surrounding fluid. The second type of boundary condition is applied to the exterior
surface of a hemispherical reactor vessel lower head. This boundary condition applies a set of boiling
curves to evaluate the heat transfer occurring during reactor vessel cavity flooding.
2.5.1    Hydrodynamic Boundary Condition
Convective and radiative heat transfer boundary conditions may be applied at all external surfaces of
a COUPLE model network of nodes (COUPLE mesh). Convective heat transfer coefficients and radiation
sink temperatures are determined at the surfaces of the COUPLE model network of nodes through
interfaces with the RELAP5 code10. The boundary conditions are
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where
T(zb,rb) = temperature of external surface of node on COUPLE mesh with coordinates of
zb, rb (K),
 = effective thermal conductive at location with coordinates ,
zb = elevation of node on external surface of mesh (m),
rb = radius of node on external surface of mesh (m),
n = coordinate in direction normal to external surface (m),
hc(zb,rb) = RELAP5-calculated convective heat transfer coefficient for node on external
surface with coordinates zb,rb ,
Tc(zb,rb) = RELAP5 calculated temperature of the fluid at surface coordinates zb, rb (K),
qrad(zb,rb) = radiation heat flux (W/m
2).
2.5.2    Ex-Vessel Heat Transfer
The USNRC has sponsored an experimental program to evaluate the heat transfer from the outside of
a hemispherical reactor vessel which has been flooded. In order to allow the code user to assess the effects
of flooding of the reactor vessel cavity, a set of experimental boiling curves has been implemented. The
heat transfer data consist of
• A set of correlations describing the heat flux as a function of contact angle and 'T between the
vessel surface and a bulk temperature.
• A correlation for Critical Heat Flux as a function of contact angle.
The set of nucleate boiling curves for heat transfer from the outside of a flooded reactor vessel are of
the form: . Two sets of constants for each of five locations along the
hemispherical lower vessel head were determined. One set of constants was for heat transfer to a bulk
temperature of 90 oC and a second set for heat transfer to a bulk temperature of 100 oC (at atmospheric
pressure). These constants are defined in Table 2-1.
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9These correlations yield a boiling curve as a function of the temperature difference between vessel
surface and a bulk temperature, with a valid range from approximately 4 oK to the temperature difference
which causes a critical heat flux (CHF). The correlation for CHF as a function of contact angle is
(2-13)
where
qchf = the critical heat flux in MW/m
2,
T = the contact angle,
'tsub = the degree of subcooling.
This experimental data was applied in the following manner:
Nucleate Boiling:
• For a 'T (between vessel surface and bulk temperature) between 0 and 4 K, a linear
interpolation is applied between a heat flux of zero at zero 'T to the heat flux predicted by the
appropriate correlation at a 'T of 4 K.
• Between a 'T of 4 K and the 'T which corresponds to CHF, the appropriate correlation is used.
The 'T at CHF is determined by iteratively increasing the 'T until either the predicted critical
heat flux is reached or the heat flux predicted by the correlation begins to decrease.
Transition:
• After Critical Heat Flux is reached, the predicted transition heat flux is linearly extrapolated
from the CHF to a user-defined heat transfer coefficient to vapor.
a. l/D is the ratio of the distance from the centerline of the vessel to the radius of the
hemispherical head. The angle of contact is .
Table 2-1. Nucleate boiling correlation constants.
l/Da
a b c
90 oC 100 oC 90 oC 100 oC 90 oC 100 oC
0.00 3840 319 334 -2.83 -4.54
0.20 4016 5530 430 380 -4.13 -5.63
0.35 515 337 1109 2.61 -18.50
0.50 891 960 -9.04 -8.18
0.75 529 134 0.08 13.00
0.5S l
d
--© ¹
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Vapor Heat Transfer:
• Heat transfer to vapor is modeled when a location on the external surface of the lower head is
uncovered. This rate of heat transfer is governed by a user-defined heat transfer coefficient. The
heat flux is not permitted to decrease below the heat flux predicted with this user-defined value.
An application of the data for saturated conditions is shown graphically in Figure Figure-2-1 for each
of the specified contact angles.
2.6 Heat Transfer at Interface of Debris Region and Structure
The rate of heat transfer from a debris region into a structure in contact with the debris is a strong
function of the conditions at the interface between the debris and structure. The modeling of this heat
transfer is performed using the concept of a null element, which is an element with zero volume and whose
nodes overlay the interface between the debris and the structure. Null elements are defined by the code
user along possible interfaces between debris and structure. The heat transfer through the null elements is
calculated by the equation
qi = hgap (Td - Ts) (2-14)
Figure 2-1 Predicted heat flux from ex-vessel heat transfer correlations as a function of position and
temperature.
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where
qi = heat flux across the interface,
hgap = heat transfer coefficient for interface between debris and structure .
(This variable is defined by the code user and the suggested default value is 500
),
Td = temperature of debris at the interface (K),
Ts = temperature of structure at the interface (K).
The debris and structure nodes have the same coordinates but different identification numbers. The
debris node is part of a finite element modeling the debris and the structure node is part of a finite element
modeling the structure in contact with the debris. The heat flux calculated by Equation (2-14) is applied at
both the surface of the finite element with debris that faces the structural element and the surface of the
structural element that faces the debris element.
The modeling of the gap heat transfer coefficient is divided into three regimes: (1) solidified debris,
(2) partially liquefied debris, and (3) completely liquefied debris. For the solidified debris regime, the heat
transfer is a function of the surface roughness of the debris and structure and of other parameters. For this
regime, the debris model does not attempt to calculate the gap heat transfer coefficient. Instead, the gap
heat transfer coefficient is defined from user input. In the liquefied debris regime, the gap heat transfer
coefficient is set to a value of 10,000 W/m2xK, which in effect defines the thermal resistance at the gap to
be zero. In the partially liquefied regime, the heat transfer coefficient is calculated by the equation
(2-15)
where
hliq = heat transfer coefficient for interface for case of debris at interface being
completely liquefied (10,000 ),
hus = user-defined heat transfer coefficient for interface between debris and structure
,
Tliq = liquidus temperature of debris at interface (K),
TDI = temperature of debris at interface with structural material (K),
Tsol = solidus temperature of debris at interface (K).
The value of (Tliq - Tsol) is assumed to be 43 K, which is appropriate for a mixture of UO2 and ZrO2.
W m2 Ke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3.  RELAP5 Hydrodynamic Model
The RELAP511 thermal-hydraulic model solves eight field equations for eight primary dependent
variables. The primary dependent variables are pressure (P), phasic specific internal energies (Ug, Uf),
vapor volume fraction (void fraction) (Dg), phasic velocities (vg, vf), noncondensable quality (Xn), and
boron density (Ub). The independent variables are time (t) and distance (x). A detailed description on the
formulation of field equations is given in Reference 11. The differential form of conservation of mass,
momentum and energy equations is first presented to facilitate the description of how RELAP5 will be
used to model flow in a porous debris medium. A discussion of the finite difference equations will then
follow.
Mass Conservation
The phasic continuity equations are
(3-1)
(3-2)
where
A = cross-section area (m2),
Dg = vapor volume fraction (void fraction),
Df = liquid volume fraction, ,
Ug = vapor density (kg/m
3),
Uf = liquid density (kg/m
3),
vg = vapor velocity (m/s),
vf = liquid velocity (m/s),
*g = total volumetric mass transfer rate .
The interfacial mass transfer model assumes that total mass transfer can be partitioned into mass
transfer at the vapor/liquid interface in the bulk fluid and mass transfer at the vapor/liquid interface in the
boundary layer near the walls; that is,
*g = *ig + *w . (3-3)
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where
*ig = volumetric mass transfer rate at the vapor/liquid interface in the bulk fluid
,
*w = volumetric mass transfer rate at the vapor/liquid interface in the boundary layer
near the wall .
Momentum Conservation
The phasic conservation of momentum equations are used, and recorded here, in an expanded form
and in terms of momenta per unit volume using the phasic primitive velocity variables vg and vf. The
spatial variation of momentum term is expressed in terms of  and . The momentum equation for the
vapor phase is
(3-4)
and for the liquid phase is
(3-5)
where
Bx = body force (m/s
2),
C = coefficient of virtual mass,
FWG = vapor wall drag coefficients (s-1),
FWF = liquid wall drag coefficients (s-1),
FI = interphase drag coefficient ,
P = pressure (Pa),
vI = velocity at interface between vapor and liquid (m/s).
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The force terms on the right sides of Equations (3-4) and (3-5) are, respectively, the pressure
gradient, the body force (i.e., gravity and pump head), wall friction, momentum transfer due to interface
mass transfer, interface frictional drag, and force due to virtual mass. The terms FWG and FWF are part of
the wall frictional drag, which are linear in velocity, and are products of the friction coefficient, the
frictional reference area per unit volume, and the magnitude of the fluid bulk velocity. The interfacial
velocity in the interface momentum transfer term is the unit momentum with which phase appearance or
disappearance occurs. The coefficient FI is part of the interface frictional drag; two different models (drift
flux and drag coefficient) are used for the interface friction drag, depending on the flow regime. The
coefficient of virtual mass C is calculated according to the flow regime.
Energy Conservation
The phasic thermal energy equations are
(3-6)
(3-7)
where
= liquid enthalpy associated with interface mass transfer in the bulk (J/kg),
= vapor enthalpy associated with interface mass transfer in the bulk (J/kg),
= liquid enthalpy associated with interface mass transfer near the wall (J/kg),
= vapor enthalpy associated with interface mass transfer near the wall (J/kg),
Qwf = wall heat transfer rate per unit volume to liquid (W/m
3),
Qwg = wall heat transfer rate per unit volume to vapor (W/m
3),
Uf = liquid specific internal energy (J/kg),
Ug = vapor specific internal energy (J/kg).
In the phasic energy equations, Qwg and Qwf are the phasic wall heat transfer rates per unit volume.
These phasic wall heat transfer rates satisfy the equation
Q = Qwg + Qwf (3-8)
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where Q is the total wall heat transfer rate to the fluid per unit volume.
The phasic enthalpies  associated with bulk interface mass transfer in Equations (3-6) and
(3-7) are defined in such a way that the interface energy jump conditions at the liquid-vapor interface are
satisfied. In particular, the  and  are chosen to be  and hf, respectively, for the case of vaporization
and hg and , respectively, for the case of condensation. The same is true for the phasic enthalpies
 associated with wall (thermal boundary layer) interface mass transfer. The logic for this choice
depends on the mass transfer (vapor generation) model. In particular, it can be shown that  and
should be
(3-9)
and
(3-10)
where
K =  1 for *ig > 0,
= -1 for *ig < 0,
hf = liquid specific enthalpy (J/kg),
hg = vapor specific enthalpy (J/kg),
= saturation liquid specific enthalpy (J/kg),
= saturation vapor specific enthalpy (J/kg).
It can also be shown that  and  should be
(3-11)
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(3-12)
where
O =  1 for *w > 0,
= -1 for *w < 0.
The numerical solution scheme is based on replacing the differential equations with finite difference
equations partially implicit in time. The difference equations are based on the concept of control volumes
and a staggered spatial mesh. The pressures, energies, and void fractions are defined at volumes, and
velocities are defined at junctions. When the momentum equations are finite differenced (using integration
over the momentum control volume which is centered on a junction), additional terms on the right side
appear at the junction and are of the form
(3-13)
for the sum momentum equation and of the form
(3-14)
for the difference momentum equation. The HLOSSG and HLOSSF terms contain both code calculated
abrupt area change loss terms and user-specified loss terms. This is discussed further in Reference 11.
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4.  Interface of RELAP5 and COUPLE and Assumptions in Modeling
The RELAP5 code and COUPLE model interact with each other at each time step. RELAP5
provides COUPLE with the hydrodynamic conditions within the interstices of the debris particles. These
conditions include: (1) velocities of liquid and vapor phases, (2) temperatures of liquid and vapor phases,
(3) pressure, and (4) volume fractions of liquid and vapor. The COUPLE model calculates the heat transfer
from the debris to the fluid in the hydrodynamic volumes containing debris. The subroutine in RELAP5
named HLOSS calculates the HLOSSF, HLOSSG and FI terms at locations with porous debris to represent
the flow losses and interphase drag in a porous debris medium.
The following assumptions are applied to simplify the calculation of heat transfer and flow losses in
porous debris:
1. Radiation heat transfer is not be modeled at locations with two-phase coolant.
2. Conductive heat transfer in debris is neglected at locations where liquid water is present; at these
locations heat transfer by convection dominates over heat transfer by conduction. This
assumption is applied by setting effective thermal conductivities to zero at locations where
liquid water is present.
3. Debris particles are assumed to be spherical, uniform in size, and with regular packing. Since the
code does not have a model to generate a mixture of particles of nonuniform size or non-
spherical shape, this assumption is not restrictive.
4. Debris particles are greater than the smallest possible bubble size, which is assumed to be 3.5
mm.
5. Porosity is assumed to range between 0.4 and 0.5. This assumption keeps the debris porosity
within the range of application of most of the correlations applied to calculate heat transfer and
flow losses.
6. The boundaries between flow regimes are as defined by Tung.12 While the physical basis for
these boundaries is not well-established, the presentation of a more thorough physical basis is
beyond the scope of this work. The void fraction at which the flow regime changes from
inverted slug-mist flow to mist flow is assumed to be 0.925.
7. The mesh size for the COUPLE model is significantly larger than the size of the debris particles.
The satisfaction of this requirement maintains the applicability of the convective heat transfer
models for porous debris.
The exchange of information between various models in RELAP5 and COUPLE is shown in Figure
Figure-4-1 This exchange in information results in RELAP5 calculating the flow losses and the state of the
fluid in the interstices of the porous debris and COUPLE calculating the convective heat transfer from
debris using the RELAP5 calculated state of the fluid.























































